A CFD-PBM (Computational Fluid Dynamic-Population Balance Model) coupled model has been developed to investigate the effects of different number and position of bottom tuyeres and gas flow rate on the bubbly plume flow, inclusion removal and mixing phenomena in gas-stirred ladle. It is found that the dual blowing gives a shorter mixing time and higher inclusion removal ratio in comparison with the center blowing or eccentric blowing with one tuyere. With the increasing of separation angle of two tuyeres, the inclusion removal ratio increases, while mixing time decreases first and then increases. With the increasing of radial position of two tuyeres, the inclusion removal first increases and then decreases, and the mixing time decreases until the radial position exceeds 0.7R from the bottom center, where R is the bottom radius of ladle. It is recommended to use the two tuyeres placed at radial position of 0.6R and the angle of 135 deg in ladle to improve the joint efficiency both the inclusion removal and mixing. With the gas flow rate increasing, the efficiency both mixing and inclusion removal with the optimized tuyeres arrangement increases, however when the gas flow rate exceeds 300 NL/min in 150 ton ladle, the removal ratio and mixing time change little.
Introduction
During steelmaking process, a huge number of nonmetallic inclusions are generated in metallurgical reactor and have a detrimental effect on the quality of steel especially when coagulated large-size inclusions remain in steel products, and the inclusion removal from molten steel with more effectiveness is critical to improve the cleanness of molten steel. On the other hand, in metallurgical reactor, the homogeneity of temperature and components, and the efficiency of many metallurgical reactions, such as degassing, deoxidation and desulphurization is intricately related to mixing phenomena. Therefore, improving the efficiency of both the inclusion removal and mixing in metallurgical reactor has become the main objectives in steelmaking process with the increase of demand of high quality steel. It is well known that gas blowing has been widely applied in metallurgical processes to enhance the inclusion removal and metallurgical reaction rates and to homogenize the temperature and composition of the melt, and the number, arrangement and gas flow rate of bottom blowing have a great impact on these transport phenomena. Hence, the study of inclusions removal behavior and mixing phenomena under different arrangement of gas blowing in gas-stirred system is necessary and has received considerable attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] over the years. Inclusion behavior in gas-stirred system involves complex phenomena, such as inclusion transport due to liquid flow, inclusion growth due to inclusion-inclusion collision and inclusion removal due to flotation and attachment to bubbles, and some models have been proposed to describe these behaviors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Miki and Thomas et al. 4) predicted the inclusion removal in RH degassing vessel with PBM by taking into account inclusions growth due to turbulent shear collision and inclusions removal due to Stokes flotation and bubble-inclusion buoyancy collision. Söder et al. 5) adopted similar models to study the growth and removal of inclusions in gas-stirring ladle, and considered inclusion flotation by spherical-cap bubbles. Furthermore, some researchers [6] [7] [8] [9] [10] developed CFD-based models considering not only inclusions growth and removal, but also their transport carried by fluid flow and spatial distribution, to simulate inclusion behavior in a gas-stirred ladles, and the effect of bottom tuyere configurations on inclusion removal in the ladle were also investigated by Zhu et al., 7) Wang et al. 8) and Geng et al. 9) To some extent, the existing models had succeeded in predicting the inclusion removal efficiency in gas-stirred systems. However, some important phenomena and mechanisms were still not taken into account in these models, such as inclusion turbulent random motion, bubble wake and slag eye on the liquid surface and so on, as shown in Fig. 1 . In our very recent publication, 13) the model of inclusion turbulent random velocity was proposed to calculate the inclusion-inclusion and bubble-inclusion turbulent random collision by introducing the correction factor. Furthermore, the model of inclusion removal rate due to bubble wake capture was developed, and the effect of slag eye size on the inclusion growth and removal were considered as well. In this previous work, only the center blowing was taken into account. In fact, in the practical ladle metallurgy, the eccentric or dual blowing is always adopted, and the effect of different arrangement of gas blowing on the inclusion removal is very important and need to be discussed and clarified further.
On the other hand, there were also many physical and mathematical investigations been carried out to study the effect of different arrangement of bottom tuyeres on the mixing phenomena, [14] [15] [16] [17] [18] [19] but the bubble turbulent dispersion force and bubble-induced turbulence, which have important ISIJ International, Vol. 54 (2014), No. 1 effect on the transport phenomena in gas-stirred systems, 13) were not well considered in these mathematical model. 14, 16, 18) Furthermore it is worth noting that there is still no such work published to study the optimization of bottom tuyeres from the viewpoints of improving both inclusion removal and mixing efficiency. In gas-stirred systems, the inclusion removal occurring mainly in bubbly plume region and liquid surface, is directly related to the degree of turbulence and bubble dispersion in these regions, while the mixing phenomena is mainly directly related to the uniformity of liquid velocity and turbulence, and distribution of dead zone in the whole metallurgical reactor. Therefore the effects of number, arrangement of gas blowing on the inclusion removal and mixing phenomena are important and greatly different, and it is necessary to optimize the arrangements of bottom tuyeres to ensure the higher efficiency of both inclusion removal and mixing in metallurgical reactors.
The objectives of present work were to present a CFD-PBM coupled model to investigate the effects of number, arrangement and gas flow rate of bottom blowing on the inclusion behavior and mixing phenomena in gas-stirred ladle for steelmaking. A proper arrangement of tuyeres had been proposed for improving the efficiency both inclusion removal and mixing.
In present model, the bubble-induced turbulence and bubble turbulent dispersion force were considered to predict bubbly plume flow, which has an important effect on the inclusion removal and mixing phenomena in the turbulent gas-stirred system. For the inclusion behavior, the multiple mechanisms both that promote inclusion growth due to inclusion-inclusion collision caused by turbulent random motion, shear rate in turbulent eddy and difference inclusion Stokes velocities, and that promote inclusion removal due to bubble-inclusion turbulence random collision, bubble-inclusion turbulent shear collision, bubble-inclusion buoyancy collision, inclusion own floating including Stokes floating and turbulent random floating near slag-metal interface, bubble wake capture were considered, as schematically shown in Fig. 1 . For the mixing phenomena, tracer transport equation was adopted to describe the mixing time which was defined as that time when all the local concentrations of tracer reached within 5 pct deviation of the homogeneous value in ladle, and in order to eliminate deviation of mixing time in ladle, the multi tracer addition and monitoring locations were adopted in present work.
Governing Equations for CFD-PBM Coupled Model

Assumptions
The mathematical model for fluid flow and inclusion behavior in gas-stirred systems is based on the following assumptions:
(1) The molten steel in the ladle is incompressible Newtonian fluid, and the turbulent flow is isotropic.
(2) Both the bubbles and inclusions are assumed to be spherical, and the diameter of bubbles is regarded as a constant during bubbles rising in ladle.
(3) The effect of top slag on fluid flow is neglected, and a flat free surface was assumed at the top surface of ladle.
(4) The generation of inclusions in gas-stirred ladle due to erosion of refractory, entrapment of top slag or chemical reactions is ignored.
(5) Inclusion collision occurring between two spherical particles form a bigger spherical inclusion. Cluster formation due to collision between several inclusions is not considered, and the effect of the Brownian collisions on the inclusion growth is not considered as well.
(6) Inclusions reaching the top surface excluding slag eye, is considered ideal absorption by the slag layer and not to revert back into the ladle at a later time.
(7) The shape of slag eye is circular and does not variety with time. When the bubbles rise to the top surface in ladle, the inclusions attaching to bubbles would return to the molten steel with the rupture of the bubbles in slag eye zone.
(8) Inclusions in ladle larger than the Kolmogoroff microscale, would appear turbulent random motion and take the turbulent velocity of an equal-sized eddy.
Model Structure
The basic ideas of the present model are schematically structured in Fig. 2 . The entire model consists of two main blocks; i.e., a CFD block and inclusion population balance model (PBM) block. The local flow field, gas volume fraction and liquid turbulent energy dissipation rate are calculated by CFD, which are then used to solve the PBM. The mean diameter and total mass source term of inclusions calculated from the PBM is used to update the momentum and mass conservation equations of inclusions phase for the next time step. In this work, S p is the total mass source term due to inclusion removal and used to update the mass conservation equations of inclusions particle phase. d 32 is inclusion Sauter mean diameter, which is calculated from inclusion where ni is the number density of inclusion with diameter di.
CFD Model
In the present study, based on Euler-Euler approach, the mass and momentum balance equations are solved for each phase separately. For instance, the mass balance equation of each phase which can be expressed as ................ (2) where ρk, αk, and Sk are the density, volume fraction, averaged velocity vector and mass source term of liquid phase (k = l), gas phase (k = g) and inclusion particle phase (k = p) respectively. Both Sl and Sg are zero, and Sp is calculated by PBM of inclusions and discussed later. Since the whole space domain is shared by the three phase, the constraint condition αl + αg + αp = 1 needs to be satisfied to enclose the model.
In the momentum equations, the drag and turbulent dispersion force among three phases, which have important effect on the transport phenomena in gas-stirred systems, are considered as momentum exchange source terms, and the bubble-induced turbulence produced during bubble floating was considered in k -ε turbulence model. The detailed expression for the gas-liquid-inclusion three phase hydrodynamic equations together with the k -ε turbulence model (CFD model) had been described in our very recent publication 13) and would not be reproduced here.
Inclusion Population Balance Model (PBM)
For the description of the PBM, a number density of inclusion n(Vi) can be postulated, and the transport equation for the number density n(V i ) is given by ......... (3) where β(V i , V j ) represents the inclusion coalescence rate, and Vi is the inclusion volume of size i. The three terms on the right-hand side of Eq. (3) are the birth rate due to the coalescence of smaller inclusions, the death rate due to the coalescence with other inclusions, and inclusion removal rate respectively.
The population balance equation can be solved by the discrete method, which is based on representing the continuous particle size distribution (PSD) in terms of a set of discrete size classes or bins. The advantages of this method are its robust numeric and that it gives the PSD directly. Therefore, the Eq. (3) can be written in terms of volume fraction of each particle size i.
... (4) ............ (5) where ρp and up are the density and velocity of the inclusion phase respectively, δ kj is assigned to 0 (k ≠ j) or 1 (k = j), Furthermore, in order to ensure the mass conservation of inclusion, the Eqs. (7) and (8) 9) ...... (10) where , and represent inclusion coalescence rate due to turbulent random collision, shear collision in turbulent eddies and Stokes buoyancy collision respectively, and , , , and represent the mass source terms of inclusion removal due to wall adhesion, inclusions own floating near slag-metal interface, bubbleinclusion buoyancy collision, bubble-inclusion turbulence random collision, bubble-inclusion turbulent shear collision and bubble wake capture respectively. Furthermore, the effect of slag eye size on the inclusion removal is taken into account as well in the present study. The is ignored in present work because of its little influence on inclusion removal in ladle.
13) The detailed expressions for inclusion coalescence and removal rate due to these mechanisms have been studied and described in our latest publication 13) and will not be reproduced here.
Tracer Transport Equation
The mixing process in chemical and metallurgical processing vessels could be described by mixing time which is defined as that time when all the local concentrations of tracer reached within 5 pct deviation of the homogeneous value. In order to determine the mixing time in the vessel, the tracer dispersion equation need to be solved and can be expressed as follows .......... (11) where C is the local mass fraction of tracer, Sct is the turbulent Schmidt number and the default Sct is 0.7.
Boundary Conditions and Numerical Scheme
In present work, the CFD-PBM coupled model was solved using the commercial computational fluid dynamics software Fluent 12.0 combined with User-Defined Function (UDF), to describe the inclusion behavior and mixing phenomena in 150 ton gas-stirred ladle. The dimensions of ladle and other parameters are shown in Table 1 . Due to the symmetry of the flow, only half of the geometric model was built as computational domain with a total about 143 000 meshes. The bottom and side walls were set as no-slip solid
walls, and the standard wall function was used to model the turbulence characteristic in the near-wall region. The velocity-inlet was used for gas blowing at the bottom tuyeres, and a flat free surface was assumed at the top surface, where the stirring gas is completely discharged and thus the remaining liquid completes the circulation flow.
In gas-stirred ladle, different bubble diameters could be obtained by changing the type and size of bottom tuyere, such as porous brick or different diameter of nozzle. In the practical ladle metallurgy, the porous bricks are widely to produce a very small bubbles due to their fine pores with radii usually not more than 75 μ m. In present work, the bubble diameters were proportional to according to the study of Sano and Mori, 20) and set to 4 mm under 50 NL/min of Qg.
The inclusion sizes of 4 to 200 μ m were considered, which were divided into 18 groups having characteristic particle volume from V0 to V17. The particle volume of each group was determined based on V i+l = 2V i , i.e., the characteristic diameter of each group was determined by di+l = 2 The mixing process was evaluated by introducing a small amount of tracer into the ladle at steady-state flow regime (t = t 0 ) and then monitoring its dispersion at sampling positions with time (t -t0). In present model, the flow regime with blowing time t0 of 600 s was used to calculate the mixing process in gas-stirred ladle.
For the case of eccentric position and multi-tuyeres, the slag eye position would change with tuyeres arrangement. In present model, the circle center of slag eye was determined on the position of maximum gas volume fraction of each bubbly plume in the liquid surface, and the circle radius re of slag eye could be calculated by the following expression. 21) ....... (13)
Resulte and Discussion
It is well known that the liquid turbulent flow and gas volume fraction distribution have an important impact on the inclusion behavior and mixing phenomena in gas-stirred system, and the accurate prediction of hydrodynamics is the basis for describing these behaviors. In our latest publication, 13 ) the predicted bubbly plume flow have been validated against experimental data, and the importance of different mechanisms of inclusion removal in ladle with center blowing has also been discussed and clarified. In present work, the effects of different arrangement of bottom tuyeres on the fluid flow, inclusion removal and mixing efficient were studied and a proper arrangement of tuyeres was proposed from the viewpoints of both inclusion removal and mixing efficiency.
Comparison of Center Blowing, Eccentric Blowing
and Dual Blowing In the practical steelmaking process, the center blowing, eccentric blowing and dual blowing have been widely adopted in gas stirred ladles. Figure 3 gives the typical arrangement of one tuyere placed centrally, eccentrically at 0.5R (R is bottom radius of ladle) and two tuyeres placed symmetrically at 0.5R.
Bubbly Plume Flow
Figures 4 and 5 show the predicted liquid velocity and turbulent kinetic energy in 150 ton ladle with center blowing, eccentric blowing and dual blowing respectively. It is noted that only half of the geometric model is built as computational domain in present model, but the predicted results are shown symmetrically in figures to better clarify the arrangement of tuyeres. From these figure, it is clear that when only one tuyere is placed at the bottom center, the upwelling steel flow forming in bubbly plume zone turns horizontally toward the sidewall in the vicinity of the free surface, and descends further along the wall. Two main circulations form between bubbly plume and size wall, as shown in Fig. 4(a) . As one tuyere is moved away from the center toward the position of half radius, the bubbly plume would bends toward the side wall because of influence of liquid flow, and only a larger circulation forms in the whole ladle as shown in Fig. 4(b) . Furthermore, the liquid velocity and turbulent kinetic energy become more uniform in the whole ladle and weaker in bubbly plume. As the number of tuyere increase from one to two, this trend would become more obvious, as shown in Figs. 4(c) and 5(c).
Inclusion Removal
In present model, five types of mechanisms for inclusions removal, including inclusion own floating near slag-metal interface, bubble-inclusion buoyancy collision, bubbleinclusion turbulence random collision, bubble-inclusion turbulent shear collision and bubble wake capture, and the effect of slag eye size on inclusion removal are considered. Figure 6 illustrates the contour map of total source term S p of inclusion mass equations (Eq. (9)) due to all the removal mechanisms in 30 minutes after the start of gas blowing through different arrangement of bottom tuyeres. From this figure, it can be found that the source term S p in bubbly plume zone is negative, which indicates that the inclusions are removed from the liquid steel to the bubble surface due to the bubble-inclusion collision, and the maximum removal rate of inclusions mainly attributed to the bubble-inclusion turbulent random collision, appears near bottom tuyeres where the gas volume fraction gather and turbulence is very strong. With the increase of height away from the bath bottom, the bubbly plume occur dispersion and the inclusion removal rate decreases. Furthermore, it is also noticed that the source terms Sp in liquid surface center are positive, which means that the inclusions attaching to bubbles would return to the liquid steel with the rupture of the bubbles in slag eye zone, where the molten steel is directly exposed to the ambient environment. Figure 7 shows the predicted typical inclusion removal rate due to various mechanisms with time under different arrangement of tuyeres. From this figure, it can be seen that at the early stages of blowing, the inclusion removal is mainly attributed to the joint effort of both the bubble-inclusion collisions and bubble-wake capture which is the prevailing mechanism for inclusion removal. At the middle and later stages, with the coalescence of inclusions, the inertia effects of lager inclusions would become remarkable, and the bubble-inclusion turbulent random collisions gradually strengthen and dominate the inclusion removal with time increase. Furthermore, it is worth noting that compared with results reported in our very recent publication, 13) the inclusion removal rate contributed by their own floating near slag-metal interface significantly decreases in present work, while that contributed by bubble-inclusion collision and bubble wake capture increases greatly. This is mainly because that the slag eye size proportional to the non-dimensional slag height (h/H) -0.5 according to the study of Krishnapisharody and Irons, 21) is different, and h/H is 0.03 in present work and 0.01 in previous work. 13) With the increasing of slag eye size, more inclusions attaching to bubbles would return to the liquid surface in slag eye zone, which improves the inclusions concentration near the surface and facilitates the inclusion removal due to its own floating. It shows that the thickness of slag layer has an obvious effect on the inclusion removal, and more deep study is necessary to understand the mechanism. We are carrying out such study now and will present the results in future.
In present work, θ is the integration removal rate of inclu- Wake and ϕ BIR due to bubble wake capture and buoyancy collision increases respectively. However the inclusion removal sub-ratio ϕ BIR due to bubble-inclusion turbulent collision decreases significantly because of decreases of the turbulent kinetic energy in bubbly plume region, as shown in Fig. 5 . Furthermore, as the number of tuyere increases from one to two, the inclusion removal sub-ratio ϕ Wake and ϕ BIR due to bubble-wake capture and bubble-inclusion buoyancy collision increased significantly because of well dispersion of bubbly plume in ladle. Overall, the total inclusion removal ratio with dual blowing is the highest, while the eccentric blowing is the lowest.
Mixing Phenomenon
The mixing degree determining the efficiency of metallurgical reactions in ladles can be evaluated from a degree 95 pct bulk mixing time, which is defined as the maximum time when all the local concentrations of tracer reach within 5 pct deviation of the homogeneous value. Several investigations 14, 15) have concluded that mixing time is affected by the tracer addition location and monitoring point which should be placed exactly in the dead zone. From Fig.  4 , it is observed that the lowest flow velocity zone is always at the bottom closer to the walls. In present work, as shown in Fig. 9 , multiple tracer addition locations (A1 to A5) and tracer monitoring points (M1 to M6) are adopted to eliminate deviation of mixing time as far as possible. Figure 10 shows the typical variation of tracer mass concentration of the six monitoring point (M1 to M6) with time after the trace added to point A1 and A2 respectively. In this figure, the C/Cave represents the ratio of the local tracer concentration and the homogeneous value. It is observed that the location of tracer addition has a great impact on the mixing times even under the same blowing conditions, and the times that the concentration of each monitoring point reaches within 5 pct deviation of the homogeneous value, are different. For example, when the tracer is added to point A1, the monitoring point M4 is the last one reaching within 5 pct deviation of the homogeneous value, and the mixing time tA1 is 71 s. But when the trace is added to point A2, the monitoring point M2 is the last one, and the mixing time t A2 is 109 s. Correspondingly, the local distribution of trace mass concentration in the whole ladle is given in Fig. 11 . From this figure, it can be observed that all the local concentrations of tracer in whole ladle have reached within 5 pct deviation of the homogeneous value at the predicted mixing time t A1 of 71 s and t A2 of 109 s respectively, and the mixing time predicted by six monitoring point (M1 to M6) in ladle can reflect the mixing phenomenon of the whole ladle. Figure 12 shows the effect of different arrangement of tuyeres on the mixing times in 150 ton ladle. In present work, the time tave, which is the average of the five mixing time (t A1 to t A5 ) predicted by adding the trace on five different point in ladle (A1 to A5), is proposed to represent the mixing efficiency of the ladle. From this figure, it can be found that when the center blowing is adopted, the mixing time is the maximum, since the uniformity of liquid velocity and turbulent kinetic energy in whole ladle is the worst, and it is also difficult for tracer transport between the two separate circulation flows formed by center blowing, as shown in Fig.  4(a) . When the dual blowing is adopted, the average mixing time is shortest due to well dispersion of bubbly plume flow. Overall, the dual blowing could give a shorter mixing time and higher inclusion removal ratio in 150 ton ladle in comparision with center blowing or eccentric blowing with one tuyere. However, in order to obtain higher process efficiency of the ladle with two tuyeres gas blowing, the effects of different separation angle θ and radial position on the inclusion removal and mixing phenomena have been investigated, which will be discussed in the following section. Figure 13 shows the arrangement of the different separation angle θ of two tuyeres in 150 ton ladle. In these schemes, the two tuyeres are placed at the half radius position, and the angle θ is set to 45 deg, 90 deg and 135 deg respectively.
Effect of the Different Separation Angle of Two Tuyeres
Bubbly Plume Flow
In Figs. 14 and 15, the effects of the different separation angle θ of two tuyeres on the liquid velocity and turbulent kinetic energy in 150 ton ladle are illustrated. From these figures, it is observed that when 45 deg is adopted for the angle θ, the bubbly plume overlap partly and bends intensely toward the side wall, and a large recirculation forms in the ladle. With the increase of angle θ, the bending of bubbly plume and the uniformity of the liquid velocity and turbulent kinetic energy in whole ladle become weak gradually, however, the liquid velocity and turbulent kinetic energy become more intense in bubbly plume region. Figure 16 shows the effect of different angle θ between the two tuyeres on the inclusion removal ratio in l50 ton ladle. From this figure, it is can be seen that the total inclusion removal ratio ϕ tot increases with the increasing of angle θ, and remains essentially unchanged with the angle θ exceeding 135 deg. When the tuyeres angle θ of 45 deg is adopted in ladle, the inclusion removal ratio is the lowest. This is because the turbulence in bubbly plume is weaker than that with the other angle arrangement, and on the other hand, the two bubbly plumes attract each other and overlap partly as shown in Fig. 14(a) , which also causes the decrease of bubble-inclusion collision. When a larger angle θ is adopted, such as 135 deg or 180 deg, the two bubbly plume completely separated from each other, and turbulent kinetic energy in the bubbly plume is more intense, as shown in Fig.  14(c) , thus, the inclusion removal ratio changes little. Figure 17 illustrates the predicted mixing time under different angle θ between the two tuyeres. As shown in Fig. 17 , with the increase of angle θ from 45 deg to 180 deg, the average mixing time decreased first and then increased.
Inclusion Removal
Mixing Time
When the tuyeres angle θ of 45 deg is adopted, the two bubbly plume overlap partly, and the utilization of gas-stirred energy is relatively low. With the increase of angle θ, the two bubbly plumes separated from each other, and the mixing time decreases. On the other hand, the uniformity of the liquid velocity and turbulent kinetic energy in whole ladle would become weak gradually as shown in Figs. 14 and 15.
Overall, the mixing time with angle θ of 90 deg is the shortest, and that with angle θ of 180 deg is the longest.
Through the above comparison of inclusion removal ratio and mixing efficiency under different separation angle, it can be found that when a smaller angle is adopted in ladle, the inclusion removal ratio becomes worse, but when a larger angle is adopted, the mixing efficient becomes lower.
Therefore the separation angle θ of 135 deg is recommended to improve the joint efficient both the inclusion removal and mixing phenomena. Figure 18 shows the arrangement of the different radial position of two tuyere placed in ladle bottom. In these schemes, the separation angle θ of two tuyeres is 135 deg, and the multiple radial potions from 0.3R to 0.8R are considered in present work.
Effect of the Different Radial Postion of Two Tuyere
Bubbly Plume Flow
Figures 19 and 20 show the predicted liquid velocity and turbulent kinetic energy in 150 ton ladle with two tuyeres placed at different radial position. From these figures, it is clear that when the tuyeres radial position of 0.3R is adopted in ladle, the two bubbly plumes attract each other and bend toward center, and the two main circulations form between the bubbly plume and side wall. With the increasing of radial position of two tuyeres, the two bubbly plumes gradually separate from each other and move to the side wall, and the uniformity of the liquid velocity and turbulent kinetic energy in whole ladle become well. But the bubbly plume would contact with the wall with the radial position of two tuyeres exceeeding 0.7R from the bottom center. Figure 21 shows the effect of different radial positions of two tuyeres on the inclusion removal ratio. It can be observe that the inclusion removal ratio first increases, and then decreases with the movement of the two tuyeres along the radial direction from 0.3R to 0.8R. This is because that when the two tuyeres placed at 0.3R, the turbulence in bubbly plume is the weakest, and the bubbly plume overlap partly as shown in Figs. 19 and 20 . With the increase of the tuyeres radial positions, the turbulence in bubbly plume become more intense, and the bubbly plume also becomes more dispersed. Thus, the inclusion removal ratios due to bubble-inclusion collision and bubble wake capture increase. However, when the tuyeres radial distance exceed 0.7R, the dispersion of bubbly plume is blocked by the wall, the effective collision frequency between bubble and inclusion will decrease. Overall, the tuyeres radial position of 0.6R provides the best inclusion removal. Figure 22 shows the effect of different radial positions of two tuyeres on the mixng time, it is clear that when the 0.3R is adopted in ladle, the mixing time is very much longer than that with the other radial positions, this is because that the uniformity of the liquid velocity and turbulent kinetic energy in whole ladle is the worst, and on the other hand, it is also difficult for tracer transport between these two separate circulations as shown in Fig. 19(a) . With the increasing of radial positions of two tuyeres, the average mixing time decreases, but when the tuyeres are placed at 0.8R, the average mixing time increases because of the influence of side wall.
Inclusion Removal
Mixing Time
Overall, the effects of different arrangement of tuyere in ladle on the inclusion removal and mixing time are very important, and the two tuyeres radial position of 0.6R and the angle of 135 deg are recommended to improve the joint efficient both the inclusion removal and mixing.
The Effect of Gas Flow Rate
Figures 23 and 24 show the effect of gas flow rate on the inclusion removal ratio and mixing time in 150 ton ladle. In these figures, the angle θ and the radial distance of two tuyeres are 135 deg and 0.6R respectively. It can be found that with the gas flow rate increasing, the mixing time decrease, and the inclusion removal increases. However when the gas flow rate exceeds 300 NL/min, the total removal ratio and mixing time change weakly. 
Conclusion
A CFD-PBM coupled model has been proposed to describe the behavior of inclusion and mixing phenomena in gas-stirred turbulent systems for steelmaking. The effects of different arrangement of bottom tuyeres on the inclusion mechanisms and mixing efficient were studied and a proper arrangement of tuyeres had been proposed from the viewpoints of both of inclusion removal and mixing efficiency.
(1) The dual blowing could give a shorter mixing time and higher inclusion removal ratio in 150 ton ladle in comparision with center blowing or eccentric blowing with one tuyere. The mixing time with center blowing is the longest, and the inclusion removal ratio with eccentric blowing is the lowest.
(2) For the two tuyeres placed in ladles, total inclusion removal ratio ϕ tot increases with separate angle θ increasing, but remain essentially unchanged with the angle θ exceeding 135 deg. The average mixing time decreased first and then increased, with the increase of angle θ from 45 deg to 180 deg. The separation angle θ of 135 deg is recommended to improve the joint efficient both the inclusion removal and mixing in ladle.
(3) With the movement of the two tuyeres along the radial direction from 0.3R to 0.8R, the inclusion removal ratio first increases, and then decreases, and the mixing time decreases first and then increases. It is recommended to use the radial position of 0.6R and the angle of 135 deg.
(4) With the gas flow rate increasing, the mixing time decrease, and the inclusion removal increases. However when the gas flow rate exceeds 300 NL/min in the 150 ton ladle, the total removal ratio and mixing time change weakly. 
